. The two decarboxylative steps in the tricarboxylic acid cycle (isocitrate dehydrogenase and a-ketoglutarate dehydrogenase) can be bypassed and two-carbon units (acetyl-CoA) can be converted to four-carbon acids (succinate) instead of being oxidized to CO2 (Fig. 1) .
lyase (threo-Ds-isocitrate glyoxylate-lyase, EC 4.1.3.1) and malate synthase [L-malate glyoxylate-lyase (CoA acetylating), EC 4.1.3.2] permit the net conversion of acetyl-CoA derived from lipid to hexose (5, 6) . The two decarboxylative steps in the tricarboxylic acid cycle (isocitrate dehydrogenase and a-ketoglutarate dehydrogenase) can be bypassed and two-carbon units (acetyl-CoA) can be converted to four-carbon acids (succinate) instead of being oxidized to CO2 (Fig. 1) .
In previous studies of aldosterone action in the toad urinary bladder, we demonstrated that the hormone-induced increase in sodium transport is preceded by stimulation of endogenous phospholipase activity, increased phospholipid fatty acid synthesis, and the recycling of [14C]acetyl-CoA derived from several 1-14C-labeled fatty acids. This [14C]acetyl-CoA did not appear to be derived from mitochondrial /3-oxidation because aldosterone stimulated a generalized increase in phospholipid fatty acid specific activities without altering fatty acid oxidation, measured by [14C]CO2 production, during the first 30 min of exposure to hormone (7, 8) . Consequently, we have investigated the possibility that nonmitochondrial fatty acid metabolism might be altered by aldosterone in the toad urinary bladder.
Our results indicate that the toad urinary bladder is capable of cyanide-insensitive fatty acid oxidation. More importantly, the tissue possesses the two enzymatic activities unique to the glyoxylate cycle. These two enzymes have been reported previously only in unicellular organisms, certain nematodes, and higher plants (9) (10) (11) (12) (13) . In toad urinary bladder, fatty acid can serve as a gluconeogenic substrate; in the presence of aldoste-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (vol/vol) ], the insoluble material was removed by centrifugation for 5 min at 1000 X g at 4°C, and the resulting supernatant was concentrated in a 65°C water bath under a stream of N2. The extract was then plated on a thin layer of cellulose MN 300 (Brinkmann) and developed in an ether/ formic acid/H20, 70:20:10 (vol/vol), system (20) . The zone corresponding to authentic [U-"4C]malate (Amersham/Searle) was scraped off and extracted with ethanol. The resulting extract was then concentrated and replated on cellulose MN 300, and the plate was developed in phenol/water/formic acid, 75:25:1 (vol/vol). The zone corresponding to malate was then scraped into a glass vial and the 14C content was determined. A portion of the dried ethanolic extract was also treated with 1 unit of malic enzyme (Sigma) for 30 min at room temperature in 80 mM Tris-HCI, pH 7.4/10 mM MnCl2/0.1 mM NADP (21) before being reextracted with ethanol and plated as described above.
In experiments in which tissue glycogen was quantitated, toads were immersed for 6 hr in 0.15 M NaCl to decrease endogenous circulating aldosterone before their hemibladders were removed. Paired hemibladders were then incubated overnight (16 hr) in amphibian Ringer's solution containing 50 mg of both penicillin G and streptomycin per liter. The next morning, the tissue was placed in fresh buffer containing either 35 mg of fatty acid-free bovine serum albumin per ml or 0.85 mM palmitate or oleate complexed to 35 mg of fatty acid-free bovine serum albumin per ml (22) . The tissue was allowed to incubate for 4 hr and then was placed in 2 ml of 30% (wt/vol) KOH and heated in a boiling water bath. Tissue glycogen was extracted, purified, and quantitated as described (23) .
In experiments in which the effect of aldosterone (0.1 MM) was investigated, appropriate tissue was exposed to hormone 4 hr before addition of fatty acid substrate. Tissue was incubated in the presence of fatty acid and aldosterone or just fatty acid for an additional 4 hr before glycogen content was determined. Because incubations used paired tissue samples, significance was determined by statistical analysis of the differences between paired samples.
For routine transmission electron microscopy, hemibladders were incubated briefly in amphibian Ringer's solution (14) and then gently stretched onto wire frames. The tissue was then submerged into the primary fixative [2.5% (vol/vol) glutaraldehyde/0.1 M sodium cacodylate, pH 7.4/5 mM CaCl2/10 mM sucrose] at 40C for 4 hr. After fixation, the hemibladders were washed for 16 hr in 0.1 M cacodylate buffer, pH 7.4/5 mM CaCl2/10 mM sucrose. After osmication, samples were ethanol dehydrated and embedded in low-viscosity medium (24) . To demonstrate peroxisomes cytochemically (i.e., by the presence of catalase), hemibladders were prepared and fixed as above. After the 16-hr buffer wash, the tissue was diced into 1-mm longitudinal strips and placed in 15 mM sucrose. Specimens were subsequently incubated for 120 min at 370C in the modified Novikoff-Goldfischer alkaline 3,3'-diaminobenzidine medium at pH 9.7 (25) . After incubation, tissues were prepared for electron microscopy as described above. To demonstrate glyoxysomes cytochemically (i.e., malate synthase), tissue was initially fixed in formaldehyde/glutaraldehyde and then processed according to the technique described by Trelease (26, 27) .
RESULTS AND DISCUSSION A cell-free extract prepared from the transport epithelium of the toad urinary bladder had the ability to reduce NAD in the presence of CN-upon addition of palmitoyl-CoA (Fig. 2) . The rate of this reaction was proportional to the amount of extract added. In both plants and rat liver, this cyanide-resistant fatty acid oxidative activity occurs in peroxisomes (1, 4, 6, 9) . Although we have not established the subcellular locus for this activity in the toad bladder epithelium, the present data provide evidence that nonmitochondrial fatty acid oxidation can occur in the toad bladder.
Previously it had been hypothesized that aldosterone stimulated the synthesis of fatty acid and that acetyl-CoA derived from nonmitochondrial fatty acid oxidation was utilized for this fatty acid synthesis (8) . To test-this hyp'othesis directly would require'inhibition of mitochondrial metabolism, a situation that would lead to a decrease in cellular ATP concentration and a consequent derangement of cellular metabolism. In plants, peroxisomal fatty acid metabolism is coupled to gluconeogenesis by the glyoxylate cycle (Fig. 1) . Two unique enzyme activities, isocitrate lyase and malate synthase, allow the carbons derived from acetyl-CoA to bypass the decarboxylative steps in the tricarboxylic acid cycle. In this way, acetyl-CoA derived from fatty acid oxidation can be converted in a net fashion to carbohydrate (5, 6, 13) . Glyoxylate serves as the carbon carrier in this shuttle; it is formed as a product of the isocitrate lyase reaction and serves as a substrate in the malate synthase reaction.
Because the glyoxylate cycle has not been described in higher animals, it had been assumed that animal tissues could not synthesize carbohydrate from lipid. However, when the epithelial cell homogenate was assayed to determine if the unique glyoxysomal enzyme activities are present, both activities were detected.
Isocitrate lyase activity was measured by the formation of glyoxylate semicarbazone upon addition of the substrate isocitrate (Fig. SA) . Because the toad bladder epithelial cell homogenate contained isocitrate dehydrogenase, isocitrate addition could give rise to' a-ketoglutarate which also forms a semicarbazone (28 (Fig. 4) . That After a 4-hr incubation, the tissue was placed in buffer containing either aldosterone and palmitate conjugated to fatty acid-free bovine serum albumin or only -palmitate conjugate fatty acid-free bovine serum albumin. After an additional 4-hr incubation, tissue glycogen was quantitated. Mean difference (+SEM) was 0.154 + 0.058 (n = 8); P < 0.01.
Cell Biology: Goodman et [1-'4C] glyoxylate with malic enzyme resulted in the conversion of this product to one that no longer chromatographed as malate.
The presence of the glyoxylate cycle enzyme activities in the toad urinary bladder epithelial layer provides the necessary biochemical pathway for conversion of lipid carbon to carboProc. Natl. Acad. Sci. USA 77 (1980) hydrate. Aldosterone has been shown to stimulate gluconeogenesis and glycogen synthesis in the toad bladder (23) . To test directly whether lipid could be converted to carbohydrate, matched hemibladders were incubated in the presence or absence of fatty acid. After a 4-hr incubation, the glycogen content of tissue exposed to palmitate was higher than control tissue incubated without substrate (Fig. 5) cogen levels were higher than in non-hormone-treated control tissue (Fig. 6) (Fig. 7B) . Additionally, these peroxisomes contained electron-dense reaction product when incubated for the demonstration of malate synthase activity (Fig. 7C) . This cytochemical reactivity was seen in the cytoplasm of all cells in the epithelial cell layer, and the size and distribution of the structures containing this product were identical to those observed for diaminobenzidine-positive bodies. Finally, when glyoxylate or acetyl-CoA was removed from the medium, no reaction product was seen in these structures (Fig. 7D) .
The principal physiological action of aldosterone is to stimulate transepithelial sodium transport (30, 31) . Evidence has been accumulated to support the hypothesis that this physiological response is mediated by alterations in membrane lipid turnover and structure (7, 8, 32, 33) . Aldosterone treatment results in a stimulation of endogenous phospholipase activity and enhanced fatty acid synthesis and acyl transferase activity. One can speculate that fatty acid released from preexisting membrane phospholipid is oxidized by peroxisomes. As previously shown, the acetyl-CoA derived from this fatty acid can be recycled or reutilized in the synthesis of fatty acids of altered chain length or unsaturation which are then reincorporated into membrane phospholipid (8) . In the present study, provision of exogenous fatty acid allowed the gluconeogenic potential of toad bladder epithelial cell peroxisomes to be expressed. Further work is now required to understand the relationship between this aspect of cellular metabolism and the alteration in sodium transport induced by aldosterone.
